Abstract-While hemodynamic forces and intraluminal thrombus (ILT) are believed to play important roles on abdominal aortic aneurysm (AAA), it has been suggested that hemodynamic forces and ILT also interact with each other, making it a complex problem. There is, however, a pressing need to understand relationships among three factors: hemodynamics, ILT accumulation, and AAA expansion for AAA prognosis. Hence this study used longitudinal computer tomography scans from 14 patients and analyzed the relationship between them. Hemodynamic forces, represented by wall shear stress (WSS), were obtained from computational fluid dynamics; ILT accumulation was described by ILT thickness distribution changes between consecutives scans, and ILT accumulation and AAA expansion rates were estimated from changes in ILT and AAA volume. Results showed that, while low WSS was observed at regions where ILT accumulated, the rate at which ILT accumulated occurred at the same rate as the aneurysm expansion. Comparison between AAAs with and without thrombus showed that aneurysm with ILT recorded lower values of WSS and higher values of AAA expansion than those without thrombus. Findings suggest that low WSS may promote ILT accumulation and submit the idea that by increasing WSS levels ILT accumulation may be prevented.
INTRODUCTION
An abdominal aortic aneurysm (AAA) is a permanent focal dilatation of the aorta at the abdominal level. The end stage of this dilatation is rupture, which can lead to death. Mechanically speaking, the rupture of an AAA is believed to occur when the wall stresses exerted by the hemodynamic forces overcome the wall strength of the aneurysm. 36 These hemodynamic forces that consist of two components, normal and shear, have a profound impact on mechano-homeostasis of arterial and vascular remodeling. 27 Both components of these forces are also believed to play a key role in AAA pathogenesis. 15, 18, 29, 39, 53 Under normal hemodynamic shear levels (1.5-4 Pa), 42 changes in wall shear stress are sensed by endothelium cells on the arterial wall modifying the surface's anti-inflammatory and anti-thrombogenic response, vasoactive tone and fibroblast activity, and extracellular remodeling. 7, 8, 23, 31, 33 Under low wall shear stress loads (<0.4 Pa), however, wall shear stress promotes atherogenic phenotype and wall degenerative processes. 31, 44 Low wall shear stress and oscillatory flow are commonly found at the distal aorta in patients with special conditions as limb amputation and spinal cord injuries, or in patients with low physical activities. These patients have been proven to have higher risk of AAA progression. 13 Interestingly, abnormal flow patterns such as low wall shear stress levels, flow separation, and formation of vortex rings are flow characteristics found even at the earliest stages of aneurysm development. 37 In addition, a lowering of hemodynamic shear stress levels were described as AAA enlarged. In other types of aneurysms, for instance intracranial, a negative correlation between hemodynamic wall shear and surface displacement during expansion were found. 5 This negative direct correlation, however, may not be sim-ple to test in AAAs since 75% of them are partially or fully covered by intraluminal thrombus (ILT) layers. 26 Physiologically speaking, ILT is found covering the aneurysm lumen wall, increasing its prevalence as AAA enlarges. 40 The mechanism that leads thrombus accumulation are still not well understood; While it is still uncertain whether platelets are mechanically activated, 3 or biochemical induced, 25 it is known that hemodynamic forces play an important role. Doyle and colleagues, 12 by using a patient-specific geometry of one patient observed that the regions where the AAA expanded coincided with the regions of low TAWSS and ILT accumulation, which in turn was the same area that experienced ruptured. Recently, Arzani and colleagues 1 investigated the relationship between the changes of ILT and hemodynamic variables at mid aneurysm cross-sections. They found a strong correlation between near wall recirculation zones and thrombus accumulation.
Once ILT is formed, it disrupts the direct interaction between hemodynamic forces and the aneurysm wall, and potentially affecting the AAA wall strength and stress. In fact, studies that have compared AAA wall characteristics between those aneurysms with and without ILT suggested that ILT may cause hypoxia, 48, 49 wall thinning, cell inflammation, apoptosis of smooth muscle cells, and degradation of the extracellular matrix 28 of walls covered by thick thrombus, thus weakening the wall and potentially lowering the wall tensile strength. It is suggested though that wall weakening in regions covered by a thick thrombus is not caused by ILT released proteases that are capable of cell degradation. It has been shown that these enzymes released by ILT at the abluminal layer are inactive 17 and, therefore, may not affect wall strength. Similar to its influence on wall strength, ILT is also been thought to affect wall stress. Numerical studies have found ILT to lower wall stress, 4, 11, 19, 30, 32, 46, 50 suggesting that its presence could prevent AAA rupture. An in vivo study, however, challenged this beneficial effect of the ILT since it found no significant pressure reduction at wall regions covered by the thrombus, 38 suggesting no reduction in wall stress.
14 All these previous findings have successfully shown the different relationships between two of these three factors. However, the same studies have also shown the close dependence between hemodynamic forces, ILT accumulation and AAA progression, indicating the importance of studying them together. Hence, this study analyzed these three factors using longitudinal computer tomography (CT) images of 14 patients. The inclusion of real AAA geometries for patient specific computational fluid dynamics (CFD) simulations improves the flow prediction and enables the capability of developing a better understanding about mechanisms that promote ILT accumulation and AAA expansion related to hemodynamic forces.
METHODS
Sixty two CT scans from longitudinal follow-up studies of 14 patients, taken at Seoul National University Hospital, were used for the present analysis. Each patient had a set of 2-7 CT scans. The study had access to the time interval between scans ( Table 1 ). All data collection and usage were in compliance with guidelines established by the Institutional Review Board at Seoul National University Hospital and at Michigan State University.
Each patient's CT scan was imported to the biomedical imaging software Mimics (Materialise, Leuven, Belgium) where lumen and AAA outer surfaces were segmented and 3-D volumes were generated. A centerline was calculated for each patient's scan, and it was later used to section AAA volumes in orthogonal planes to this line at the renal and the iliac bifurcation levels. Once the upper and lower boundaries were determined, lumen and AAA volumes were obtained. The ILT volume for each scan was calculated by subtracting the value of the lumen volume from that of the AAA volume. For the maximum diameter calculation, the method of inscribed spheres, 20 which consist of calculating diameters of maximally inscribed spheres along the centerline, was used. Therefore, the largest value of the diameter along the centerline was defined as the maximum diameter.
To calculate AAA's outer and lumen cross-section areas at the location of maximum diameter, an orthogonal plane to the centerline at the location of the maximum diameter was first generated. The intersection between the orthogonal plane, the AAA's outer wall and lumen wall surface were used to delineate cross section areas. After delineating the cross section contour, the cross section areas for AAA and lumen were generated and calculated.
Computational Fluid Dynamic (CFD) Analysis
For the CFD analysis, wall shear stress (WSS) was estimated using 3-D lumen volumes of patients. Renal branches were trimmed and lumen volumes were truncated approximately above the renal level and after the iliac bifurcation. Since a fully developed flow assumption was used at the inlet and outlet boundaries, the specific location of these truncations for the CFD analysis changed from patient to patient. Additionally, extended boundaries were created at the inlet and outlets of the flow by approximately three times the inflow diameter in order to avoid numerical instabilities (Fig. 1) . 2 The estimation of the extension length was done using the relationship suggested by Wood and colleagues. 52 All lumen volumes of all patients were used except patient 4. The CT image resolution required to obtain an accurate estimation of the WSS values for patient 4 was not optimal; and, therefore, this patient was excluded just from the CFD analysis.
Once the computational domain was defined, models were meshed using ICEM (ANSYS Inc, Lebanon, NH, USA). A sensitivity analysis was performed by using 4 different element sizes (0.95, 0.8, 0.6, and 0.55 mm) and by testing our variables of interest (i.e., WSS). From this preliminary CFD analysis, a mesh of an element size of 0.6 mm was found to be optimal for this analysis. This edge length resulted in a mesh size that ranged between approximately 5-8 millions of elements. The element size and computational size domain obtained from this analysis are similar of what others have reported for similar CFD analysis. 1, 9, 29 Hemodynamic simulations using FLUENT (AN-SYS Inc, Lebanon, NH, USA) were performed on each lumen model under the assumption of laminar incompressible flow (q = 1060 kg/m 3 ) with rigid walls. Idealistic time-dependent volume flow rate and pressure waves were imposed at the inlet and outlets based on data presented by Olufsen et al. 34 ( Fig. 1 ). The disaggregation of red blood cells (RBCs) due to shear stresses makes blood to be considered a non-Newtonian fluid with high shear-thinning. This shear-thinning behavior has an impact on the flow structure, including in the fluid circulation near the surface 22 and it was captured in the present study by using the Carreau-Yasuda model. 21 FIGURE 1. Volume flow rate and pressure outlet waves imposed at the inlet and outlet, respectively. This figure also shows the inlet and outlet extension made to the inlet and outlet boundaries in order to avoid numerical instabilities.
A time step of 0.001 s (1000 time step per cardiac cycle) was chosen and the flow field was saved every 5 time steps (200 time steps per cardiac cycle). In order to minimize the error due to the initial condition, the first two cardiac cycles were discarded from the analysis and the third cardiac cycle was averaged to obtain a time-average wall shear stress (TAWSS) values. Additionally, values of TAWSS were also averaged throughout the surface and used in this analysis.
ILT Morphology
To characterize the process of the ILT accumulation inside AAAs, changes in the spatial distribution of ILT thickness were calculated from patients' CT scans taken at different time points. ILT thicknesses were calculated as the normal distance between lumen and AAA's outer wall surfaces. Since it was challenging to delineate the boundaries between the aneurysmal wall and the thrombus layer using CT scans, ILT thicknesses were here considered as the addition of the ILT and aneurysmal wall thicknesses. Previous studies have estimated the AAA wall thickness to be between 0.23 and 4.23 mm. 10, 35, 45 Therefore, areas with ILT thickness values of less than 3.5 mm were considered as areas with no ILT.
To study the relationship between hemodynamic forces, AAA growth and ILT accumulation, each scan of each patient was classified as one with or without an ILT content using the wall fraction of area covered by ILT criteria. The fraction was calculated by dividing the measure of the AAA wall area covered by ILT over the surface measurement of the AAA wall. A surface fraction threshold of 0.2 was assumed and used as a threshold to classify AAAs in two groups: ''AAAs with ILT'' and ''AAAs without ILT''. Classifying scans independently rather than patients helped to increase the accuracy of our observations since ILT can be accumulated at any time during the surveillance period.
Relations Between Measurements and Statistical Analysis
Statistical analyzes were performed using the Matlab software (Mathwork, Natick, USA). A linear regression was used to examine the relationship between the ILT accumulation rate and the AAA expansion rate on AAA's CT scans classified as with an ILT accumulation. Additionally, the relationship between the maximum equivalent diameter and maximum ILT thickness at the region of maximum diameter was investigated using Pearson's correlation coefficient for all patients.
RESULTS

Classification According to the AAA Wall Area Covered by ILT
In order to understand hemodynamic differences between AAAs with an ILT accumulation from those that did not show ILT, each patient was analyzed according to the area covered by thrombus. Results from this analysis showed that five patients presented a significant ILT accumulation from the beginning of the surveillance study (P4, P10, P11, P13, P14), 4 patients showed an ILT buildup while AAAs were under surveillance (P5, P6, P8, and P9), and five patients were found not to show any significant ILT accumulation (P1-P3, P7, and P12; Fig. 2a) . The ILT thickness distributions of patients at their last scans are shown in Fig. 2b .
ILT Accumulation Process
In AAAs that showed an ILT buildup, observed spatial distribution of the ILT thickness through time showed that all followed a common development pattern (Fig. 3) . Specifically, all ILTs began as a localized buildup at the region of maximum diameter. From this region, ILTs spread to the surrounding areas at the same time as an increase in ILT thickness was observed on areas previously covered by ILT. This process occurred gradually as the aneurysm expanded. Sequential 3-D images (Fig. 3a) and circumferentially averaged values of ILT thickness plotted in the longitudinal direction (Fig. 3b) demonstrate this ILT growth pattern in patients P-8 and P-9 as en example of the common pattern found in all patients with an ILT buildup. Note that in both patients, the location where the thrombus was the thickest varied throughout the scans but was located within regions of maximum diameter.
A positive correlation coefficient between maximum ILT thickness and maximum diameter was found for all patients with ILT, which agrees with the above described accumulation process (r = 0.681, P < .001).
CFD ANALYSIS
Blood Flow Pattern
Results from CFD analysis performed on all aneurysms showed some similarities and differences in the blood flood pattern between AAA's that showed an ILT deposition from those that did not develop it. While recirculation zones inside the sac region that formed after peak systolic and in some cases remaining through the cardiac cycle was commonly observed among them, the magnitude of the velocity of these recirculation zones near the lumen wall showed to be lower in AAAs that developed ILT from those that remained without a significant accumulation. An illustration of this is shown in Fig. 4 when the magnitude of time-averaged velocity is plotted at specific longitudinal cross sections for 3 AAAs (P01 at scans 1 and 2, P06 at scans 2 and 3, and P08 at scans 4 and 5). From P06 and P08 it can be clearly seen that regions of low time-averaged velocity coincided with the regions of ILT accumulation. Another illustration of this trend is showed by P01 that experienced high magnitude of time-averaged velocity near the wall in most of its lumen surface except at a small region; the same region at which, ILT accumulation was later seen. From the cross-sectional analysis (not shown here), it was also found that the direction of the flow at regions near the wall areas covered by ILT was dominantly aligned with the normal flow direction (from proximal to distal). However, reverse flow was seen at these areas at certain scans; nevertheless, these reverse flows realign with the normal flow direction at the following scans.
Wall Shear Stress
Differences in flow pattern found between AAAs with and without significant thrombus depositions were reflected in the TAWSS values. Figure 5 illustrated this effect by comparing TAWSS between 4 AAAs and a Healthy aorta. Results show that despite the fact that low TAWSS values were found in all AAAs in comparison to the Healthy aorta; these values were lower in those aneurysms at the time that they developed a thick ILT.
This trend was also captured when values of TAWSS at all AAAs' time points (scans) were average over the entire lumen surface, namely called ''mean TAWSS'', and plotted as a function of its maximum diameter. Figures 6a and 6b shows these mean TAWSS values for groups of AAAs without and with ILT accumulation respectively. From these plots, it can be observed that AAAs with ILT deposition recorded lower mean TAWSS values than those without an ILT. Also, while a decreasing mean TAWSS trend as diameter increases was found in all AAAs without ILT but patient P12 (Fig. 6a) , AAAs with ILT accumulation showed nearly constant values of TAWSS at larger diameters (Fig. 6b) .
ILT Accumulation and Wall Shear Stress Relationship
The relationship between the ILT accumulation process and TAWSS was studied by plotting TAWSS values and ILT thickness for all lumen surfaces' nodal points of each AAA at each scan. Figure 7 illustrates the results for P8 and P9 and shows that ILT accumulated at areas of low TAWSS (yellow). It also showed that as ILT accumulates, the values of wall shear stress fluctuate within a low range. This trend was followed for all AAAs that developed significant ILT. 
AAA Expansion Rates and ILT Accumulation Rates Analysis
Using 29 samples from the group of AAA scans classified as ''with an ILT'', a linear regression was conducted for the ILT accumulation rate and AAA expansion rate, which revealed a positive linear correlation (R sq = 0.738;
LT acum þ p2; p1 ¼ 0:87AE 0:203; p2 ¼ 10440 AE 4335; Fig. 8) . A statistical test of the null hypothesis that the slope of ILT accumulation rate is 1 from the result of linear regression gives us the value of tstatistics as 0.591 with the corresponding P value as 0.559. This indicates that the ILT accumulation rate is statisti- cally not different from the aneurysm expansion rate (t = 0.591, P = 0.559). In other words, it was found that ILT accumulates at the same rate as the aneurysm expands.
This finding and the positive correlation between ILT thickness and diameter reported above suggest that ILT might be occupying the expanded AAA areas, thus maintaining the lumen cross-section nearly constant. To confirm this, AAA and lumen cross-sectional areas at the region of maximum diameter were determined (Fig. 9a) . Analysis showed that, while the AAA cross-section area increased, the lumen cross-section area remained nearly constant. This relation is qualitatively (Fig. 9b) and quantitatively (Fig. 9c) shown for sequential scans at the region of maximum diameter for patients P-6, P-8, P-9 and P-11.
Relationships Between Mean TAWSS, AAA Expansion
Rate, and ILT Accumulation Rate
Results from mean TAWSS confirmed that AAAs classified as with an ILT showed lower mean TAWSS values than those that were classified as without ILT (Figs. 10a and 10b) .
Comparing the results of mean TAWSS and the AAA expansion rate for these two groups of AAAs, it was observed that the highest expansion rates were recorded in patients that showed an ILT accumulation and lowest mean TAWSS values (Fig. 10a) .
A similar pattern was found when mean TAWSS values were compared to ILT accumulation rates (Fig. 10b) . Similarly to the AAA expansion rates, the highest ILT accumulation rates were recorded at aneurysms with low mean TAWSS.
DISCUSSION
This study used longitudinal CT images from 14 different patients and analyzed the relationship between the ILT accumulation process, wall shear stress changes, and AAA expansion. Results showed that the ILT accumulation process began at a localized region of maximum diameter and spread to neighboring regions while ILT continued to thicken at previously covered areas. While low wall shear stress showed to be a common feature on the regions where ILT deposition occurred, the rate at which ILT accumulated occurred at the same rate as the aneurysm expansion. Comparison between AAAs with and without thrombus showed that aneurysm with ILT recorded lower values of wall shear stress and higher values of AAA expansion than those AAAs free of thrombus.
The dynamics of the ILT accumulation process is here described for the first time using a macroscopic perspective. Briefly, ILTs were most often found accumulating eccentrically in the AAA, 24 and their localization and initial accumulation were both observed in regions of maximum diameter. The continuous ILT thickening and outward spreading pattern described here agrees with the hypothesis that the luminal layer is active and interacts with the main blood flow, which might enhance further thrombus accumulation. 17 The ILT accumulation process described above for AAAs that showed an ILT buildup in conjunction with the positive correlation seen between ILT thickness and diameter suggests that ILT accumulates at the AAA regions that have expanded, agreeing with what Wilson and colleagues 51 hypothesized. Therefore, it is expected to find larger ILT volumes at larger diameters, as it was found by Hans and colleagues. 24 This trend, however, cannot be generalized for all aneurysms since our results showed a few AAAs that despite their large size, were found free of thrombus. Interestingly, in these AAAs, mean TAWSS values were higher than in those AAAs that developed a thick ILT. This result suggests that high values of wall shear stress would prevent the ILT from accumulating. It has been previously proposed that increasing the values of wall shear stress would attenuate AAA growth. 29 Our results would additionally suggest that by increasing wall shear stress values e.g., by exercising, ILT deposition could also be prevented. On the other hand, once this ILT process begins, it accumulates at the same rate that AAA expands; maintaining the lumen area nearly constant. This nearly constant area would also impact hemodynamic conditions. In fact, our results showed that values of TAWSS on average would remain nearly constant on aneurysms of larger diameters. In other words, all these findings indicate that while low values of wall shear stress are promoting ILT accumulation; the thrombus accumulation may be at the same time modifying values of wall shear stress.
The effect of ILT on AAA prognosis has also been studied by other using different approaches 4, 11, 19, 28, 30, 32, 46, [48] [49] [50] and the possible association between thrombus accumulation and AAA growth has been proposed. 43 Our results agree with the suggestion of an association between ILT and AAA growth since higher values of aneurysm expansion rate were recorded on AAAs with an ILT accumulations in comparison to those that remained free of thrombus. It is worth to note that these AAAs that showed higher expansion rate values were in turn AAAs that showed lower values of wall shear stress.
The positive association between aneurysm size and AAA expansion has been widely proposed and the relationship between wall stress and strength is expected to be linear and gradually changing as the aneurysm progresses. 6, 47 The hemodynamic forces, however, responsible of imposing the wall shear stress also change. 15, 16, 37 Albeit multiple hemodynamic factors (oscillatory shear index, endothelial cell activation potential or thrombus activation potential 1, 9 ) along with the wall shear stress have been proposed as key factors in the accumulation process and further AAA expansion.
Once ILT is initially adhered to the lumen wall, it would enhance the adhesion of new fresh thrombus at regions where wall shear stress is favorable for its adhesion (low WSS regions). This adhesion would in turn activate proteolytic degradation with stress-mediated growth 3 that modifies the AAA wall stress and strength. 4, 11, 19, 28, 30, 32, 46, [48] [49] [50] Therefore, as AAA expands, ILT would accumulate and spread throughout the AAA sac modifying the wall stress-strength relationship strongly. At the same time, the ILT accumulation would promote a reduction of the lumen passage, which in turn would have an impact in the hemodynamic conditions. These hemodynamic conditions would be lowering gradually as AAA expands and thus promoting further accumulation. In summary, once ILT begins to accumulates, it would slowly impact the wall-strength relationship and potentially enhancing AAA expansion while modifying wall shear FIGURE 9. Lumen and AAA's outer cross-sectional areas at the region of maximum diameter for patients P-6, P-7, P-9, and P-11. stress levels. This WSS level would be also modified by AAA expansion. Like most human studies, this investigation had limitations that need to be considered while interpreting the results. This study used sequential CT scans from 14 patients, and it would be ideal to increase the sample size to reach stronger conclusions. Additionally, it was difficult to accurately differentiate the aneurysm wall from the thrombus layer. 41 This required the summation of ILT and AAA wall thicknesses and that a uniform 3 mm AAA wall thickness was assumed for analysis. This assumption could have over-or underestimated the value of the ILT thickness. The results for hemodynamic simulations of this study were obtained based on volumetric flow rate of a young healthy aorta. Although the volumetric flow rate and pressure wave as inlet and outlet are commonly used for setting up the boundary conditions, 2,3 the evolution of AAA may have effects on the total rate or profiles of inlet and outlet flow and quantitative measurements of flow rates for individual patients will be needed for better estimation of the blood flow. Despite the limitations that this assumption could have instilled, results in this study are consistent with previous findings.
In closing, this study used longitudinal studies of 14 patients and analyzed the relationship between ILT accumulation, wall shear stress and AAA expansion. The findings presented explained the ILT accumulation process and showed that ILT accumulated at the same rate as the AAA expansion rate. Additionally, our results support the idea that suggests that low wall shear stress level would promote ILT deposition and submits the hypothesis that by increasing wall shear stress levels thrombus accumulation inside AAA can be avoided. 
